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Diluted magnetic semiconductor (DMS) is the key for practical spintronics, which 
utilizes the spin property of electrons. DMS is a family of materials that encompasses 
standard semiconductors, in which a sizable portion of atoms are substituted by elements 
that produce magnetic moments (magnetic atoms) in a semiconductor matrix. The 
realization of this kind of material at or higher than room temperature will enable new 
functions in new devices. 
 
There are three DMS systems that exhibit ferromagnetic order unambiguously, namely 
GaMnAs, InMnAs and ZnCrTe. The previous two III-V based DMS have been intensely 
studied but the achieved Curie temperature (Tc) is well below room temperature. Cr 
doped ZnTe is the first confirmed DMS with above-room temperature Curie temperature. 
The motivation of this project is to grow high Tc Cr doped ZnTe thin film using the solid-
source molecular beam epitaxy (MBE) and study the properties of the grown films. 
 
We have used different characterization methods to study the various properties of this 
DMS system. The structure properties of the samples were studied through in-situ 
RHEED pattern observation and the measurements of X-Ray Diffraction (XRD), Atomic 
Force Microscope (AFM) and Scanning Electron Microscopy (SEM). Vibrating Sample 
Magnetometer (VSM) and Superconducting Quantum Interference Device (SQUID) were 
used to access the magnetic properties of the samples. The composition of the samples 
was measured by Energy Dispersive X-ray Spectrometer (EDX) and Particle Induced X-




In this project, the growth condition for epitaxial film was optimized through changing 
the substrate temperature and flux ratio of Zn/Te and Cr/Te. Before the growth of 
ZnCrTe, a 40nm thick ZnTe buffer layer was deposited with the Zn/Te flux ratio varying 
from 1.2 to 2.7 at different substrate temperature (200oC to 250oC). The Cr/Te flux ratio 
was varied from 0.004 to 0.3. Curie temperatures varying from 55K to 265K can be 
achieved through doping with different concentration of Cr.  
 
In this project the highest Tc achieved for Zn1-xCrxTe thin film is 265K with Cr 
concentration of 14% from PIXE measurement. From the linear relationship between Tc 
and Cr concentration, films with above room Curie temperature could be achieved with 
Cr doping concentration of 20%. This showed that our results are consistent with results 
of Saito et al..  
 
Cr1-δTe precipitate with strong magnetization and Curie temperature of 365K was also 
observed in this project. From our thorough literature study of Cr1-δTe, the strong 
magnetization observed could be from monoclinic Cr3Te4 precipitates.  The study of this 
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Chapter 1  Introduction 
 
Chapter 1: Introduction 
1.1 Background 
 
Electronics comprise a great part of our world and semiconductor is the base of our daily 
electronic products. Various electronic devices are operated by manipulating electrical 
charges, especially integrated circuits and high-frequency devices made of 
semiconductors. They are widely used for information processing and communications 
by making use of the charge of electrons in semiconductors [1]. The spin of the electron 
as another property of the electron is utilized in the mass storage of information field; 
however, only the spin of electrons in ferromagnetic materials, such as Fe, Co, Ni and 
other compound magnets, is made used of. It is then quite natural to ask if both the 
charge and spin of electrons can be used to further enhance the performance of devices 
[1]. For this reason, a new technical term, spintronics, emerged since the discovery of 
Giant Magnetoresistance (GMR) in 1988. Generally, spintronics refers to spin transport 
electronics or spin based electronics. In this case, the electron spin will substitute electron 
charges to carry information, and this offers opportunities for a new generation of devices 
combining standard microelectronics with spin-dependent effects. By manipulating the 
electron spin and the charge we may be able to inject spin-polarized current into 
semiconductors to control the spin state of carriers, that may allow us to carry out qubit 
(quantum bit) operations required for quantum computing [2].  
 
One of the major technical barriers that must be overcome to realize the practical 
implementation of semiconductor-based spintronic devices is the development of suitable 
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spin-polarized materials that will effectively allow spin-polarized carriers to be injected, 
transported, and manipulated in semiconductor heterostructures at room temperature. 
Also, the availability of such materials will facilitate a wider range of device 
configurations [3].  
 
In fact, the researchers have started the research on semiconductors which are also 
ferromagnetic back in the 1960s and early 1970s, although the interest on this research is 
not continuous. Eu-based chalcogenide materials which exhibited ferromagnetism were 
found with Curie temperature around 50 K or less [3]. However Eu-based chalcogenide 
has rather poor semiconducting transport properties so it is not suitable for spintronic 
usage. Along the way, magnetically doped II–VI ternary and quarternary semiconductor 
alloys, e.g. CdMnSe, CdMnTe, PbSnMnTe and others were studied. However, most of 
these materials exhibited spin glass or related disordered magnetic behavior and any 
ferromagnetism invariably had very low (~5 K) transition temperature [4]. Then the idea 
of a diluted magnetic semiconductor (DMS) was proposed. In the DMS system, the 
cation sites of the host semiconductor are substituted by a small concentration of 
magnetically active atoms. Generally, the belief is the s,p-d exchange should be the 
source of magnetism inside DMS. More excitingly, according to Dietl group’s Zener 
Model [5], Curie temperature above room temperature can be achieved for p-type GaN 
and ZnO doped with 5% Mn and with 3.5×1020 holes/cm3 [See Fig 1]. Surely this result 
encouraged a lot of people to continue on the search of new ferromagnetic semiconductor 
materials with above room Curie temperature.  
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Fig 1-1. Computed values of the Curie temperature Tc for various p-type 
semiconductors containing 5% of Mn and 3.5× 1020 holes per cm3 [5]. 
 
However, over the years of research, practical Mn doped DMS has not been realized. 
Although exciting Tc was reported, magnetic precipitates effect cannot be eliminated in 
those systems. In the meanwhile, the researchers also extend the finding of applicable 
DMS to other possible materials. II-VI material-based semiconductor, III-V material-
based semiconductor, IV-VI materials and oxide-based semiconductors are investigated 
doping with different transition metals. Making DMS is not easy because the magnetic 
transition metal (i.e. Mn) is not thermodynamically stable in the semiconductor host (e.g. 
GaAs), and tends to segregate [4]. Moreover, the crystal structures of magnetic materials 
are usually quite different from that of the semiconductors used in electronics. As these 
crystal structures are mostly not the stable state with lowest state energy, it makes the 
growth of DMS more difficult since crystal with lowest energy state is easy to form in the 
structure. Although there are a lot of difficulties in preparing well-structured DMS, it can 
be synthesized under non-equilibrium conditions. 
  
In order to use DMS in spintronic device, more research is required in order to 
understand the magnetic mechanism behind DMS and in fabrication of high Tc DMS. In 
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general, the field of semiconductor spintronics is still in its infant stage and holds vast 
opportunities for research.  
 
1.2 Current Issues and Motivation 
 
Among the various DMS materials, III–V Ga1-xMnxAs and In1-xMnxAs DMS thin films 
grown on GaAs substrates have been the most extensively studied. However, the highest 
Curie temperature of GaMnAs system and InMnAs are ~110K [6] and ~35K [7] only, 
which are well below room temperature. The search for DMS with high Curie 
temperature is thus a very attractive area in spintronics research.  Great efforts have been 
devoted to the synthesis and characterization of different types of DMS materials. 
Although room temperature ferromagnetism has been reported in many systems, such as 
GaN:Mn [8–17] GaN:Cr [18,19] TiO2:Co [20] ZnO:Co [21] CdGeP2:Mn [22] and 
ZnO:Mn [23,24] and the reported Tc can be as high as 940K [10]; however those results 
are not well-verified. The existence of ferromagnetic precipitates cannot be possibly 
ignored. 
  
Recently, magnetic circular dichroism (MCD) measurement has been used to clarify the 
origin of ferromagnetism in DMS systems.  Magneto-optical spectroscopy is the direct 
method for evaluating the s,p – d exchange interactions of DMS [25]. The s,p – d 
exchange interactions induce a spin-dependent modification of the host semiconductor 
band structure, that is, the Zeeman splitting. The MCD intensity is proportional to the 
Zeeman splitting. Therefore magneto-optical spectroscopy can be used to confirm the 
intrinsic ferromagnetism of DMS [25]. To the best of our knowledge, three DMS systems 
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that exhibit ferromagnetic ordering unambiguously are GaMnAs [26] InMnAs [27] and 
ZnCrTe [28-32]. As mentioned before, the former two are the prototype DMS in III-V 
family and have been studied extensively. The last one is the first II-VI DMS where high-
Tc ferromagnetism is reliably detected. Saito et al. [30-32] has succeeded in synthesizing 
a Zn1−xCrxTe thin film with 20% Cr doped using molecular-beam epitaxy. Room 
temperature ferromagnetism was observed in the sample they prepared.  
 
More theoretical studies on this novel Zn1-xCrxTe DMS are inspired by the experimental 
results. The theoretical study shows that the origin of the ferromagnetism in (Zn, Cr)Te is 
ferromagnetic s,p-d exchange interaction [33-35]. Ozaki et al. has declared a linear 
relationship between Tc and Cr-doping concentration for their samples prepared using 
MBE system [36-37], the extrapolation of which gives Tc of 300 K for x = 0.2. However, 
Pekarek et al. has presented bulk Cr-doped ZnTe samples, which were prepared by 
vertical Bridgmen method, exhibiting Tc of 365 K with Cr-doping concentration of 
0.0033 [38]. They suggested the ferromagnetic property may be due to some precipitates, 
such as ZnxCryTez or Cr1-δTe inside the Cr doped ZnTe system. All these findings suggest 
more efforts are needed in order to understand the Zn1-xCrxTe system and to improve the 










The first objective of this project is to optimize the MBE growth parameters to obtain 
Zinc-blend structure DMS, namely, Cr doped ZnTe with higher Curie temperature. The 
second objective of this project is to study the Cr doped ZnTe system including the 
possible precipitates inside the system. In order to help us understand the magnetic 
mechanism inside the system, magnetic properties and structural properties are 
investigated through various measurements. The equipment used include Vibrating 
Sample Magnetometer (VSM), Superconducting Quantum Interference Device (SQUID), 
High Resolution X-Ray Diffraction (HRXRD), Atomic Force Measurement (AFM), 
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectrometer (EDX) 
and Particle Induced X-Ray Emission (PIXE).   
 
1.3 Organization of Thesis 
 
This thesis is organized in the following way: 
Chapter one gives a brief introduction of this project. The background and current issues 
of DMS are discussed. Chapter two provides some theoretical background; mainly on the 
literature survey on the current topics of DMS. Chapter three briefly presents the MBE 
growth process and techniques. Chapter four describes the various characterization tools 
used in this project. In chapter five, the results and discussion are presented. Chapter six 
concludes the project and provides some future work aspects.  
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Chapter 2                                                                           Theoretical Background 
 
Chapter 2: Theoretical Background 
Each electron in an atom has magnetic moments that originate from both its orbital 
motion around the nucleus (orbital magnetic moment) and its spin around its axis (spin 
magnetic moment). Magnetic properties originate from the spin properties of electrons. 
Coexistence of ferromagnetism and semiconducting properties in Eu chalcogenides and 
semiconducting spinels opened a rich field of interplay between magnetic cooperative 
phenomena and semiconducting properties [1]. Diluted magnetic semiconductor (DMS) 
becomes a hot topic for researchers. DMS is a family of materials where it encompasses 
standard semiconductors, in which a sizable portion of the atoms are substituted by 
elements that produce magnetic moments (magnetic atoms) in a semiconductor matrix [2]. 
The realization of this kind of material will enable new functions in new devices.  
 
2.1 Mechanisms of Ferromagnetism in DMS 
 
A good starting point for the description of DMS is the Vonsovskii model [3] of the 
electronic structure in materials with localized magnetic moments. According to this 
model, there are two kinds of relevant electron states: (1) ordinary conduction and 
valence bands built primarily of outer s and p orbital of constituting atoms, and (2) highly 
localized states derived from open d shells of transition metals. The most distinctive 
feature of DMS is the strong exchange interaction between the d spins of the magnetic 
transition metal ions and the s, p carriers. In spite of this enormous activity of research, 
there is no current consensus on the basic magnetic model underlying the ferromagnetism of 
DMS. However two basic approaches to understanding the magnetic properties of dilute 
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magnetic semiconductors have emerged [4]. The most famous models include the Zener 
model of carrier-mediated ferromagnetism [5] and the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) model [6]. These two models are similar in the sense that they all talk about the 
mechanism of carrier mediated ferromagnetism.  
 
Zener [5, 7] first proposed the model of ferromagnetism driven by the exchange 
interaction between carriers and localized spins. Zener proposes that the spin of an 
incomplete d shell is strongly coupled to the spin of the conduction electrons. It is only 
when this indirect coupling, which aligns the spins in a ferromagnetic manner, dominates 
over the direct coupling between adjacent d shells that ferromagnetism is possible. The 
assumption that the theories make is that DMS is an approximately random alloy. 
However, this model was later abandoned, as neither the itinerant character of the 
magnetic electrons nor the quantum (Friedel) oscillations of the electron spin polarization 
around the localized spins were taken into account, both of these are now established to 
be critical ingredients for the theory of magnetic metals. In particular, a resulting 
competition between ferromagnetic and anti-ferromagnetic interactions leads rather to a 
spin glass than to a ferromagnetic ground state. In the case of semiconductors, however, 
the mean distance between the carriers is usually much greater than that between the 
spins. Under such conditions, the exchange interaction mediated by the carriers is 
ferromagnetic for most of the spin pairs, which reduces the tendency towards spin-glass 
freezing [8]. Actually, for a random distribution of the localized spins, the mean-field 
value of the Curie temperature Tc deduced from the Zener model is equal to that obtained 
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from the RKKY approach, in which the presence of the Friedel oscillations is explicitly 
taken into account [9, 10].  
 
The RKKY interaction is carrier-induced, sufficiently long range to account for the 
magnetic interaction in dilute systems, and has been put forward to explain the carrier 
(hole)-induced ferromagnetism observed in a IV-VI compound PdSnMnTe [11]. A mean 
field theory was also developed taking into account the feed-back mechanism between 
the magnetization polarization and the carrier polarization; magnetization polarization 
produces carrier polarization and it in turn produces magnetization polarization [12]. 
Since the mean field theory results in the same expression of Tc as that of the RKKY 
interaction, it is not necessary to distinguish between the two in terms of uniform 
polarization of magnetization. The Tc calculated from the RKKY interaction, using the 
exchange constant and the hole concentration, both determined from the 
magnetotransport measurements, with mean free path as the cut-off length of the RKKY 
interaction was shown to be in good agreement with the experimentally obtained Tc [13].  
 
A review is given on the effects of the RKKY interaction between localized spins in 
various dimensionality systems of doped II-VI material-based DMS [14]. Since this 
interaction is long-range, its influence on the temperature and magnetic field 
dependencies of magnetization and spin splitting of the bands is evaluated in the mean-
field approximation, but by taking into considerations disorder-modified carrier–carrier 
interactions. The results show that the hole densities, which can presently be achieved, 
are sufficiently high to drive a paramagnetic–ferromagnetic phase transition in bulk and 
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modulation-doped structures of II–VI DMS. This strongly supports that the 
ferromagnetism can be controlled through changing the hole density.  
 
2.2 Spin interactions between magnetic ions 
 
As mentioned previously, the strong exchange interaction between the d spins of the 
magnetic transition metal ions and the s, p carriers is the origin of the ferromagnetism 
inside DMSs. We need to study the interactions that couple the spins of magnetic ions 
when looking for DMS with desired magnetic properties, e.g. ferromagnetism. There are 
several microscopic mechanisms that lead to the spin–spin (d–d) interactions between 
two magnetic ions. Two main mechanisms leading are presented in this section in the 
form in which they explain the interactions between magnetic ions in DMS. The two 
mechanisms are namely super-exchange and the double exchange.  
 
Within the standard atomic picture, the interaction can be thought of in terms of a virtual 
transition between the ions and neighboring anions [4]. It has been shown that for the 
proper description of spin–spin interactions in semiconductors the band picture rather 
than the atomic one has to be used. Larson et al. [15] have shown that for Group II–VI 
DMS the dominant spin–spin interaction responsible for the magnetic behavior comes 
from the super-exchange. 
 
A given magnetic ion, as a result of the s, p–d exchange interaction, will either be 
attracted or repulsed by the electrons residing in the s, p bands depending on their spin 
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orientation. This results in a spatial separation of spin-down and spin-up electrons if the 
bands are entirely occupied, as in insulators or intrinsic semiconductors. The super-
exchange is a mechanism in which the spins of two ions are correlated due to the spin-
dependent exchange interaction between each of the two ions and the s, p band. Such a 
separation clearly leads to an anti-ferromagnetic interaction between neighboring 
localized spins. Indeed, in the absence of holes, localized spins are anti-ferromagnetically 
coupled as observed in Mn-based II–VI [16] DMSs. Table 2-1 shows the filling of one-
electron d orbitals and low energy orbital states for transition-metal ions in a tetrahedral 
environment (intermediate crystal field).  
 
Table 2-1. Filling of one-electron d orbitals and low energy orbital states for transition-




The other mechanism of spin-dependent interaction between magnetic ions in DMS is the 
double exchange mechanism. This mechanism was proposed by Zener [17] in the 1950s. 
The double exchange couples magnetic ions in different charge states by virtual hopping 
of the ‘extra’ electron from one ion to the other. This mechanism was used to explain the 
magnetic properties of Mn2+ in II-VI DMS structures [18]. These authors considered an 
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Mn2+–Mn3+ pair of ions with one d electron hopping virtually from one ion to the other 
via the p orbitals of neighbouring anions. The DMS with the above property are not 
uncommon: the best-studied examples are the Fe2+–Fe3+ ion pairs with zero-gap II–VI 
compounds (HgSe and HgS) (see [19, 20] and the references therein for more 
information). 
 
It has been shown in two publications [21, 22] that in a model d4–d5 pair of ions (Mn2+–
Mn3+ or Cr1+–Cr2+) in a semiconductor zinc-blend crystal, both the double exchange and 
the super-exchange may be effective. 
 
2.3 Ferromagnetism in Cr doped II-VI Based DMS 
 
In the Cr doped II-VI based DMS system, Cr doping does not introduce holes inside the 
semiconductor, so that the hole concentration has to be introduced through a different 
doping. Therefore, the magnetic property and the semiconducting property can be 
separately controlled through Cr doping and hole doping, respectively. In Mn-doped 
DMS, Mn doping also introduces holes inside the materials. So the change of Mn 
concentration will affect both the magnetic and semiconducting property. This is one of 
the reasons why there is a great interest in Cr doped II-VI based DMSs.  
 
Owing to short-range super-exchange interactions, the Mn ion-ion spin interaction is 
merely anti-ferromagnetic in II-VI DMS materials. However, a net ferromagnetic super-
exchange was predicted for Cr- II-VI DMS [23]. In that paper, the authors have shown 
15 
Chapter 2                                                                           Theoretical Background 
 
that super-exchange between two nearest-neighbor Cr2+ ions is dominated by the isotropic 
Heisenberg-type interaction, and these Heisenberg-type interactions turn out to be 
ferromagnetic in all the materials considered, in contrast to the case of Mn2+, Fe2+, and 
Co2+ studied so far. Also they have shown theoretically that Cr-based DMS are not anti-
ferromagnetic and expect the above results for Cr2+ ions to be valid in other II-VI 
compounds. More recent theoretical computations have suggested that the double 
exchange rather than the superexchange is responsible for the ferromagnetism in Cr-
based DMS [24]. In that paper, the authors used the first principle approach and the 
theory that DMS is a disordered system, i.e., host atoms are randomly substituted by 
magnetic ions, for their computations. From analyzing the present first principles 
calculations, the simple empirical rule is used to explain the general trends of the 
magnetic states of II–VI and III–V DMS. Using the rule, the authors explain that the 
ferromagnetism is a consequence of a delicate contest between the ferromagnetic double-
exchange interaction and the anti-ferromagnetic super-exchange interaction, and its 
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Chapter 3:  Molecular Beam Epitaxy (MBE) Growth 
Technique 
 
3.1 MBE System 
 
The epitaxy fabrication process was invented in 1960 by J.J. Kleimack, H.H. Loar, I.M. 
Ross and H.C. Theuerer [1]. In the early 1970s, demand increased for high qulity 
multilayered sandwiched semiconductor-insulator wafers, and A.Y. Cho developed the 
MBE technique to meet this need [2-4]. 
 
Molecular beam epitaxy is a technique for epitaxial growth via the interaction, which 
occurs on the surface of a heated crystalline substrate, of one or several molecular or 
atomic beams. MBE is capable of producing very thin monolayers with a precise 
composition at temperatures lower than those required for MOCVD (600 - 800°C). A 
distinguishing feature of MBE is its requirement for an ultra-high vacuum environment 
that on the one hand increases the technological complexity of handling the system, but 
also provides the advantage of in situ characterization of the growing material. In the 
industry, MBE growth method is used to fabricate the devices that produce lasers in CD 
players and pen-sized laser pointers.  
 
In MBE, the constituent elements of a semiconductor are deposited onto a heated 
crystalline substrate in the form of ‘molecular beams’ to form thin epitaxial layers. The 
‘molecular beams’ are typically from several different sources, depending on the nature 
of the epitaxial process. The ultra-high vacuum environment together with pure material 
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sources are used to obtain high-purity layers. Growth rate calibration and surface 
characterization are other important features to take note in MBE. 
 
 3.1.1 Main System Description [5] 
 
This section describes the ULVAC (model: MBC-1000-2C) solid-source molecular-beam 
epitaxy system used in the growth process. Similar to other models of MBE systems, the 
ULVAC system has a preparation chamber and a growth chamber; each of them is 
connected with a turbomolecular pump and a rotary pump. The growth chamber is 
connected to a titanium getter pump (TGP) and a sputter ion pump (IP) to achieve ultra-
high vacuum. The pressure in the pre-chamber can reach 10-5Pa, and the pressure in the 
growth chamber can reach 10-8Pa (with liquid nitrogen cooling the chamber’s wall). 
Figure 3-2 shows the schematic diagram of the MBE system used in our growth. The 
system has seven K-cells and one valved cracker effusion cell to hold sources, and each 
of them has its mechanical shutter to control the on-off of the beam flux. The operation of 
the MBE system can be carried out through the touch-panel control board as well as 
computer-automation. 
  
Figure 3-1 shows the schematic diagram of our MBE growth chamber. In this growth 
chamber, the substrate is placed in a special holder, which faces the K-cells. There is a 
heater behind the holder, so that the substrate’s temperature can be held at a value 
necessary to obtain epitaxial growth. The crystal structure of the growing film is 
simultaneously checked by Reflection High Energy Diffraction (RHEED). The electron 
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gun reaches the surface of the film at a grazing angle, and the diffraction pattern can be 
observed on the RHEED screen. From the RHEED pattern showing on the screen, the 
quality of the growth can be observed in-situ.  
 
The substrate temperature is measured by a thermocouple located at the centre of the 
substrate heater. However the shown temperature may not be the accurate substrate 
temperature since the thermocouple is at a distance from the substrate. Pyrometry is 
another method to determine the substrate temperature conveniently and accurately. The 
pyrometer is an infrared thermometer that detects directly the radiation from the surface 
of the substrate. However, the pyrometer’s range is limited to measure between 500οC 
and 900 οC. A pyrometer cannot be used for transparent substrates such as MgO and 
sapphire, which are placed on the hollow substrate holder, because the strong radiation of 
the heaters will transmit through the substrate and enter the pyrometer, and this will 











Fig 3-1. Schematic diagram of our MBE growth chamber. 
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Fig 3-2. Schematic diagram of the ULVAC MBE System. 
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3.1.2 Knudsen Effusion Source Cells 
 
In MBE, the constituent elements of a semiconductor are deposited onto a heated 
crystalline substrate in the form of ‘molecular beams’ to form thin epitaxial layers. The 
‘molecular beams’ are typically from thermally evaporated elemental sources, but other 
sources include group II precursors (MOMBE), group VI hydride or organic precursors 
(gas-source MBE), or some combination (chemical beam epitaxy or CBE). To obtain 
high-purity layers, it is critical that the material sources be extremely pure and that the 
entire process be done in an ultra-high vacuum environment. Another important feature is 
that growth rates are typically on the order of a few Å/s and the beams can be shuttered in 
a fraction of a second, allowing for nearly atomically abrupt transitions from one material 
to another [6]. The solid source materials in this case, Cr and Zn, are held in an inert 
crucible which is heated by radiation from a resistance heater source and a thermocouple 
is used to provide temperature feedback [7]. In our MBE system, beside Cr and Zn K-
cells, the other five K-cells contain Be, Mn, Ge, Mg and Co solid source.  
 
3.1.3 Valved Cracker Effusion Cell 
 
Unlike other sources such as Zn and Cr that use K-Cells, valved cracker effusion cell was 
used for tellurium (Te) source. The valved cracker used in our system is EPI-500V-S as 
shown in Fig 3-3. The reason for using a valved cracker is that cracked tellurium 
molecules are likely to have higher sticking coefficients than those of the uncracked 
counterparts. More importantly, the use of a cracker provides good controllability and 
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reproducibility of the flux in controlling the composition of tellurium containing 
compounds [8]. The Te source in the EPI valved cracker can be controlled manually via a 
micrometer valve actuator or automated by a servo motor controller (SMC). In the 
normal situation, the idling temperature of the cracker zone is maintained at 300oC, and 
the temperature of the bulk crucible is maintained at 150oC. During growth, the 
temperature of the bulk zone and cracker zone is raised to the desired values. The 
tellurium particles are split into tellurium molecules when they pass through the cracker 
zone to the growth chamber.  
 
In our growth, we chose 650oC as the cracker zone’s temperature. The valved cracker 
uses its own DC power supply. The valved cracker has its own water-cooling system, 
which helps the crucible to maintain at a stable temperature. Because of the complexity 
of the cracker zone’s structure, the valved cracker has much more surface area than 
conventional effusion cells. Therefore, the pumping down and outgassing process 
requires more time, and should be carefully attended. 
 
Fig 3-3. Overview of EPI-500V-S valved cracker cell. 
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3.1.4 Reflection-high Energy Electron Diffraction (RHEED) 
 
The precision of the MBE to grow crystalline layer combinations with accurate 
dimensional control down to the atomic level would not be possible without adequately 
precise characterization techniques like reflection high energy electron diffraction 
(RHEED).  
 
RHEED is a powerful technique that provides resolution on the atomic scale while at the 
same time being fully compatible with the crystal growth process; it is used for studying 
surface structures of flat surfaces as well as surface phase transitions. RHEED is sensitive 
to surface changes, either due to structure changes or due to adsorption. Therefore, it is 
widely used as an in situ probe to monitor the growth of thin films both in research and in 
industry.  
 
A typical RHEED measurement system consists of an electron gun, a phosphor screen 
and image-processing hardware and software. A high energy beam (3-100keV) from the 
electron gun is directed at the sample surface at a grazing angle in the range of 0.5-2.5o. 
The high energy of the electrons would result in high penetration depth. However, 
because of the glancing angle of incidence, only a few atomic layers are probed. This is 
the reason of the high surface sensitivity of RHEED. Figure 3-4 shows a typical MBE 
chamber with RHEED and the dotted line shows the paths of electrons.  
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Fig 3-4. Diagram of a typical MBE system growth chamber. The dotted line shows 
the path of electron hitting the RHEED screen. 
 
The electrons are diffracted by the crystal structure of the sample and then impinge on a 
phosphor screen mounted opposite to the electron gun. The diffraction pattern can be 
viewed and recorded from the atmospheric side of the window. The diffraction pattern 
depends on the structure and the morphology of the probed surface. The sample can be 
rotated about its normal axis so that the electron beam is incident along specific 
crystallographic directions on the surface. Figure 3-5 shows a illustration of the 
fundamentals of RHEED. 
 
Despite the popularity of RHEED, there is no complete formal theory for it. However, a 
number of simplified kinematical approaches have been introduced that are useful for 
understanding the basic idea of RHEED. The simplest theory to describe RHEED is the 
"geometric theory"; this theory is widely used for experimental calculations. A more 
elaborate theory, "dynamical theory," is used for more complicated problems [9, 10].  
 
26 
Chapter 3                                                                           MBE Growth Technique 
 
 
Fig 3-5. An illustration of the fundamentals of RHEED. The inset shows two kinds 
of reflection: transmission-reflection diffraction scattering by three-dimensional 




The first important information provided by RHEED patterns regards the flatness of a 
surface. If electrons interact only with the first atomic layer of a perfectly flat and ordered 
surface, the three-dimensional reciprocal lattice points degenerate into parallel infinite 
rods, visualized as extending infinitely in the directions perpendicular to the surface. 
However, in reality, due to thermal vibrations, lattice imperfections and others, 
diffraction from a perfectly smooth crystal surface results in a diffraction pattern 
consisting in a series of streaks with modulated intensity rather than points. When the 
surface has more than one domain (i.e., randomly oriented crystals), the RHEED image 
will be the sum of diffraction from all the different regions. This gives rise to a system of 
concentric rings. Figure 3-6 gives the different types of RHEED patterns.  
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Fig 3-6. The different types of RHEED patterns. 
 
Also, it is evident that diffraction from an amorphous surface (such as an oxide on top of 
a semiconductor) gives no diffraction pattern at all, and only a diffuse background will 
result. This is important, for example, for evaluating oxide desorption when a new 
substrate is initially heated up prior to growth in the MBE chamber [11]. 
 
3.2 Theoretical Background on the Epitaxy Growth Mechanism 
 
Epitaxial growth is a process of growing film with a crystallographic relationship 
between film and substrate. There could be two kinds of epitaxial growth, namely 
homoepitaxy and heteroepitaxy. Homoepitaxy refers to the case when film and substrate 
are same material. Heteroepitaxy refers to the case when film and substrate are different 
materials. In our project, heteroepitaxy are performed. When performing heteroepitaxy, 
there are three possible growth modes [11]. The first, Frank-van der Merwe, is simply the 
successive addition of 2-D layers to the substrate crystal. The second mode, Volmer-
Weber, will occur if the added material can minimize its free energy by trading increased 
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surface area for decreased interfacial area, forming an island structure like water droplets 
on glass. A third possibility can arise if the lattice spacing of the added material is a 
mismatch with that of the crystalline substrate. Here, growth starts with a strained 2-D 
wetting layer, but islands form after the first few monolayers. The driving force is the 
incorporation of dislocations within the islands to relieve stress. This third mode is called 
Fig 3-7. Diagram of the three growth modes. 
Stranski-Krastanow. Figure 3-7 shows clearly the three mode of growth.  
 
 
rystal lattice mismatch is a very important parameter in epitaxial film growth. The C
epitaxial growth will be affected by the mismatch ratio. The mismatch ratio can be 





aa −=      (3-1) 
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where as is the lattice constant of the substrate and af is the lattice constant of the film. If 
the lattice constants of the substrate and film are matched, the growth will be perfect 
without strain, like what is shown in Fig 3-8a. If the mismatch is large, there will be 
mismatch dislocation [See Fig 3-8(b)]. If the mismatch is small, the film will be 
coherently strained [See Fig 3-8(c)]. The film will not grow following the crystal 
structure of the substrate. It is not epitaxial growth anymore. The limit of lattice 
mismatch for epitaxial growth is about 7%. If the material has a large mismatch with the 
substrate, a buffer layer is normally needed. The buffer layer should have better lattice 
match with the targeting material and also the substrate. If the buffer layer is thick 
enough, it can perform like a virtual substrate. Therefore epitaxial growth can be 
achieved even with large match between the film and the substrate. 
 
Fig 3-8. Lattice Mismatch Diagrams [15]. 
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3.3 Growth Preparation and Procedures 
 
3.3.1 The Use of Liquid Nitrogen to lower the Growth Chamber Pressure 
 
As a standard procedure used in the growth by MBE, the liquid nitrogen is used to lower 
the pressure of the growth chamber before and during the growth because of the Cold 
Wall Effect [13, 14].  This procedure can lower the pressure in the growth chamber from 
~10-8Torr to ~10-10 Torr or better.  
 
3.3.2 Temperature of the Sources 
 
Usually the sources inside the K-cells are kept at their individual idling temperature, 
which is higher than the water vaporizing temperature. At that temperature, the beam 
equilibrium pressure (BEP) should be very low, in the order of 10-10 Torr. Specifically, 
Zn source is idling at 110oC, and Cr is idling at 200oC.  Therefore the source will not be 
lost much and the source can be kept from humidity affect. Before every operation, the 
temperatures of the sources should be increased to their operating temperature. For 
tellurium source, the temperature of the bulk zone is increased to 380°C, and the 
cracker’s temperature is increased to 650°C. Tellurium source has a BEP of about 3×10-7 
Torr when the cracker’s needle valve is opened to 100mils by the servo motor controller 
(SMC), and we can change the BEP by adjusting SMC. 
 
The Cr and Zn sources’ flux can be controlled by varying its effusion cells’ temperature. 
When we did the growth, the K-cell with Cr had a typical temperature about 1250°C, this 
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however changes for different growths and its BEP is ~2×10-8 Torr. The typical BEP of 
Zn is ~1 × 10-6 Torr at working temperatures of ~230°C. Though we have calibrated the 
BEP of all sources just after loading the sources and system baking, each time before 
transferring the substrate into the growth chamber we should also calibrate the sources’ 
BEP again by the flux monitor. Because the ion gauge we used in MBE is in essence a 
density monitor, the relative average velocities of each species must be taken into account 
























     (3-2) [16] 
where Jx is the flux of species x, Px is its beam equivalent pressure, and Tx and Mx are the 
absolute temperature and molecular weight, respectively. η is the ionization efficiency 
relative to nitrogen and is given by 






η      (3-3) [16] 
where Z is the atomic number. By substituting the parameters of Te and Cr into equation 
(3-2) and (3-3), the Te/Cr flux ratio during the growth can be found. These equations 
demonstrate that the flux can be controlled effectively by varying the temperature of the 
K-cell. Flux ratio is one of the most important parameters to adjust the growth rate and 
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3.3.3 Substrate Preparation 
 
The substrate used for this project is GaAs (001) substrate, which is doped with Si. A 
bare substrate from the manufacturer has a diameter of 2 inches. The substrate will be cut 
into 1.6mm×1.6mm squares in order to fit into the substrate holder. After cutting, the 
substrates (normally four) will be placed inside the preparation chamber. The pre-
chamber is pumped down until its pressure is close to 10-5 Pa. Then one of the substrates 
will be carried by a fork to the pre-heat area to be heated before it is sent into the growth 
chamber. The pre-heating is also using radiation heating method. The purpose of pre-
heating is to degas and also to get rid of the water molecules sticking on the substrate. 
The pre-heat usually lasts for 20 to 30 minutes and the pre-heating temperature used is 
300oC. After pre-heating, the interlock between the pre-chamber and growth chamber is 
opened and the substrate holder with the substrate is transferred into the growth chamber 
and is placed on the manipulator, which holds the substrate holder. During substrate 
transferring, the manipulator is horizontal and after the transferring, manipulator is 
adjusted to face the K-cell. Therefore, the substrate can face the K-cells and the flux can 
arrive on the surface of the substrate almost perpendicularly.  
 
3.3.4 Substrate Oxide Desorption and Thermal Annealing 
 
The GaAs we are using is epi-ready GaAs (001) substrates. The substrate is treated with 
special process. There is a thin layer of oxide on the surface, which can be got rid off at 
certain temperature. The typical temperature for GaAs desorption is 580oC [17]. Before 
oxide desorption, the RHEED pattern shows a haze, which is indicative of the amorphous 
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nature of the protective oxide. The substrate temperature is ramped up until the RHEED 
pattern shows streaky pattern, which denotes good crystal structure and the oxide has 
been removed from the surface.  
 
After the oxide desorption, the substrate temperature is lowered to the desired growth 
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Chapter 4: Characterization Techniques 
In this project, various characterization tools were used in order to analyze the structural, 
compositional and magnetic properties. The basic functions of all the characterization 
methods used are briefly discussed here.  
 
4.1 X-Ray Diffraction (XRD) Measurement  
 
X-ray is generally electromagnetic radiation and it can primarily interact with electrons in 
atoms. The diffracted waves from different atoms can interfere with each other and the 
resultant intensity distribution is strongly modulated by this interaction. If the atoms are 
arranged in a periodic fashion, as in crystals, the diffracted waves will consist of sharp 
interference maxima (peaks) with the same symmetry as in the distribution of atoms. 
Measuring the diffraction pattern therefore allows us to deduce the distribution of atoms 
in a material, for example, the peaks in an X-ray diffraction pattern are directly related to 
the atomic distances [1]. Therefore from XRD measurement we shall be able to know 
most of the properties of the film related to the structure. For a given set of lattice plane 
with an inter-plane distance of d, the condition for a diffraction (peak) to occur can be 
simply written as 2dsinθ = n λ, which is called Bragg’s law after W.L. Bragg. Figure 4-1 
shows the illustration of the Bragg’s law. 
 
XRD has a few functions, which can be used for thin film characterization. The two 
commonly used methods are lattice constants measurement and rocking-curve 
measurement. Through θ-2θ scans, the lattice constants could be deduced and it could 
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provide information about lattice mismatch between the film and substrate so that it could 
also indicate strain and stress. Rocking-curve is obtained by doing a θ scan at a fixed 2θ 
angle. The width of the rocking curve is inversely proportionally to the dislocation 
density in the film so that it is a gauge of the quality of the film.  
 
 
Fig 4-1. Bragg’s Law demonstration [2]. 
 
4.2 Atomic Force Microscope (AFM)  
 
An atomic force microscope (AFM) operates by measuring attractive or repulsive forces 
between a tip and the sample as shown in Fig 4-2. In its repulsive "contact" mode, the 
instrument lightly touches a tip at the end of a "cantilever" to the sample. As a raster-scan 
drags the tip over the sample, some sort of detection apparatus measures the vertical 
deflection of the cantilever, which indicates the local sample height. Thus, in contact 
mode the AFM measures hard-sphere repulsion forces between the tip and sample. In 
non-contact mode, the AFM derives topographic images from measurements of attractive 
forces; the tip does not touch the sample. AFM could be used for the surface 
characterization of the thin-films grown. Information such as surface roughness (RMS) 
and the surface topography is obtained from the AFM [1]. In this project, a Digital 
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Instruments Nanoscope III (DI-3100) multimode scanning force microscope was used for 
studying the topography of the films.  
 
 
Fig 4-2. Concept of AFM and the optical lever: (left) a cantilever touching a sample; 
(right) the optical lever [3]. 
 
4.3 Scanning Electron Microscopy (SEM)  
 
Scanning Electron Microscopes (SEM) are one of the most powerful and useful 
instruments used in nanotechnology research today. It first made its debut in 1942 and 
was commercially available around 1965 [5]. The SEM exhibits many advantages over 
the traditional light microscope. It can magnify a sample up to 300,000 times. It provides 
tremendous depth of field and high resolution. The images obtained from SEM are 
obtained in 3-dimensions. Since its development, it has found applications in a wide 
variety of fields and spawned new areas of study in medical and physical science 
communities. Figure 4-3 shows the schematic graph of a SEM system. The SEM used in 
this project uses field emission (FE) sources, which have the smallest beam diameter and 
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they can operate at much lower beam voltages while still achieving adequate spatial 
resolution. The purpose of the SEM is to view the surface structure of the thin films 
grown and compare with the images taken with the AFM.  
 
 
Fig 4-3. Picture of SEM-EDX system [4]. 
 
4.4 Energy Dispersive X-ray Spectrometer (EDX)  
 
EDX is the measurement of X-rays emitted during electron bombardment in an electron 
microscope (SEM or TEM) to determine the chemical composition of materials on the 
micro and nano- scale. By determining the energies of the X-rays emitted from the area 
being excited by the electron beam, the elements present in the sample are determined. 
The rate of detection of these characteristic X-rays is used to measure the amounts of 
elements present (quantitative analysis). If the electron beam is rastered over an area of 
the sample then EDX systems can also acquire X-ray maps showing spatial variation of 
elements in the sample. It can detect the full range of elements from Boron (atomic no. 5) 
to Uranium (atomic no. 92) [1]. 
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In our experiment, we use a JEOL JSM-6700F Field Emission Scanning Electron 
Microscope (SEM) with Oxford INCA Energy Dispersive X-ray (EDX) Spectrometer. 
The electron energy used is 15keV.  
 
4.5 Vibrating Sample Magnetometer (VSM) Measurement 
 
 
Fig 4-4. Schematic diagram of the VSM [6]. 
 
The Vibrating Sample Magnetometer (VSM) is the basic instrument for characterizing 
magnetic materials. Since its invention some forty years ago, it has become the 
workhorse in both laboratory and production environments for measuring the basic 
magnetic properties of materials as a function of magnetic field and temperature. The 
VSM is used in this project for the testing of hysteresis in II-VI magnetic materials that 
have been grown.  
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The VSM is schematically shown in Fig 4-4. In this instrument the magnetic field is 
controlled by an electromagnet. The electromagnet surrounds the sample and detection 
coils and is used for varying the field to which the sample is exposed so that the 
magnetization can be measured as a function of the applied field. A sample is connected 
through a rod (sample holder) to a vibration unit. The sample is placed in the middle of a 
set of pick-up coils in which the voltage will be induced. The magnetic field magnetizes 
the sample, which is vibrating at a relatively high frequency. The magnetized sample 
creates flux in the pick-up coils and voltage in the pick-up coils is induced due to changes 
of flux caused by the sample vibration. The sensitivity of the VSM machine in the lab is 
around 10-6 emu. 
 
4.6 Superconducting Quantum Interference Device (SQUID) Measurement 
 
The most sensitive device for magnetic field detection is the Superconducting Quantum 
Interference Device (SQUID). The device has been developed for traditional low 
temperature superconductors requiring cooling with liquid Helium to 4 Kelvin (-269oC) 
and is commercially available from several suppliers. The developed SQUIDs have been 
characterized in terms of magnetic field sensitivity. The bare SQUID device has a typical 
magnetic field sensitivity of 2 pT, while for SQUIDs coupled to a superconducting input 
coil, 100 fT has been demonstrated [7]. Figure 7-8 shows the schematic diagram of 
SQUID system. In this project, a standard commercial SQUID system manufactured by 
Quantus was used. The temperature range used was from 5K to 400K. The magnetic field 
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used during measurement was up to 3T although the machine can achieve 7T maximally 
[5]. 
 
Fig 4-5. Schematic diagram of SQUID [8]. 
 
 
4.7 Particle Induced X-ray Emission (PIXE) measurement  
 
Particle induced X– ray emission [PIXE] is a kind of analysis based on the measurement 
of the energies and intensities of characteristic X-radiation emitted by a test portion 
during irradiation with charged particles other than electrons. Accelerated ions, usually 
helium or hydrogen, are sent into a user’s test sample. The moving particles impact and 
displace electrons within the sample. When these missing electrons are replaced within 
an atom, a characteristic X-ray is emitted. By catching and analyzing the X-rays, the user 
can identify most of the elements found in the sample [9]. Figure 4-7 shows the working 
principles of PIXE. By using PIXE it is possible to obtain the absolute concentrations of 
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the elements. In this project, we use PIXE to determine the Cr concentration of the grown 
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Chapter 5: Results and Discussion 
ZnTe has a zinc-blend (ZB) structure with a lattice constant of a ~ 6.103 Å and GaAs 
also has a ZB structure with a ~ 5.654 Å. The lattice mismatch between the two materials 
is 7.9%. Although the mismatch is quite large, it has been found that ZnTe could be 
grown quite easily on the GaAs (001) substrate.  The conditions for growing 
stoichiomatric ZnTe films were explored first. By varying the substrate temperature and 
Zn to Te flux ratio, the optimum growth conditions for ZnTe were established. The 
appropriate substrate temperature for the growth should be between 200oC and 250oC. 
The Zn to Te flux ratio was established to be in the range of 1.2 to 2.7. Figure 5-1 shows 
the RHEED pattern of (a) GaAs after desorption and that of (b) ZnTe after 10 minutes 
growth. From the RHEED pattern, it can be concluded that the ZnTe film can be grown 










Fig 5-1. RHEED pattern of (a) GaAs desorption and (b) ZnTe after 10mins growth. 
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After establishing the ZnTe growth conditions, Cr molecules were introduced into the 
chamber together with Zn and Te molecules. The observation of RHEED pattern showed 
that doping of Cr reduced the crystal quality of the film. Figure 5-2 shows the time 
sequence of RHEED pattern in a sample grown with Cr atomic fraction x ~ 0.14 for [110] 
and ]011[
_
 directions. Figure 5-2(a) shows the RHEED pattern after GaAs desorption. 
Figure 5-2(b) shows the RHEED pattern after 10 minutes ZnTe film growth. The streaky 
(2 × 1) RHEED pattern suggested that the ZnTe buffer layer with thickness of ~ 40nm 
was thick enough to act as a virtual substrate. Subsequently, we could start the growth of 
Cr doped ZnTe. After the shutter of the Cr cell was opened, the RHEED pattern became 
diffused immediately. After the growth of a few monolayers, the RHEED pattern became 
clearer, but less streaky compared to that of the ZnTe buffer layer [See Fig 5-2(c)]. The 
RHEED pattern lost its streakiness with the time of growth and became spotty [See Fig 5-
2d]. When the growth continued, the RHEED pattern became more and more spotty and 
the spots became more diffused [See Fig 5-2(e), (f), (g), (h)]. The spotty RHEED pattern 
suggested that the surface of the film became rougher with the doping of Cr. The spotty 
pattern also indicated that the film followed the island growth mode.  
 
In order to obtain the optimum growth conditions, a few samples were grown under 
different substrate temperature and different Cr/Te ratio. The dependencies of substrate 












Fig 5-2. RHEED pattern for a sample growth. From (a) to (h), the upper panel were 
taken at direction of ]011[
_
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5.1 Dependencies of Substrate Temperature 
 
Substrate temperature is an important parameter, which affects the growth rate and the 
quality of growth. The sticking coefficient of molecules will change under different 
substrate temperature. The higher the temperature, the more difficult it is for the 
molecules to stick on the surface and the lower the growth rate will be. In this project, a 
few growths were done under different substrate growth temperature varying from 100oC 
to 400oC. At the same time, the Zn/Te flux ratio and Cr/Te flux ratio were kept constant 
for these growths. From these growths we would like to find the optimum substrate 
temperature for high quality growth of ZnCrTe. The Cr cell temperature was set as 
1200oC. The structural and magnetic characterization results for these samples are 
discussed in the following sections. 
 
5.1.1 Structural Properties 
 
RHEED pattern provides information on the quality of the growth. Figure 5-3 shows the 
RHEED patterns for growths at substrate temperature Ts=100oC, 200oC and 400oC. 
Pictures were taken at 15 minutes after the Cr cell shutter was opened. The ZnTe buffer 
layers all showed streaky (2×1) RHEED patterns, which suggest that the Cr doped ZnTe 
layers were grown on a thick virtual ZnTe substrate. The results showed that growth at Ts 
~100oC and 200oC had similar RHEED patterns. However, growth at Ts~200oC had 
streakier and clearer RHEED patterns. On the other hand, growth at Ts ~ 400oC showed 
very different RHEED patterns. The streaky lines and bright spots showed that there 
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might be different phases grown in the film. The RHEED patterns shown in Fig 5-3 
persisted till the end of the 30 minutes growths.  
 
   
   




Fig 5-3. RHEED pattern of Cr doped ZnTe growth in [110] and ]011[
_
 direction 
under substrate temperature (a) 100oC, (b) 200oC and (c) 400oC. Pictures were 
taken at 15mins after Cr cell shutter was opened. 
 
 
The AFM and SEM measurements showed the surface morphology, which could help us 
to correlate the observation of the RHEED patterns that were described previously. 
Figure 5-4 presents the 1µm×1µm AFM images and the corresponding SEM images. The 
SEM images were magnified 50,000 times. It was observed that the AFM and SEM 
images were similar for Ts=100oC and Ts=200oC samples. Small grains can be observed 
clearly from the AFM images for both of the samples. The SEM images also show 
uniformly spread grains. The root mean square (RMS) values of roughness were 2.1nm 
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for sample with Ts=100°C and 1.6 nm for Ts=200°C. The results were consistent to the 
observation of the RHEED patterns. Similar spotty RHEED pattern were observed for 
these two samples. However, the sample with Ts=400oC shows very different AFM and 
SEM images.  Bigger grains compared to the previous two samples were observed from 
both the AFM and SEM images. The grains show rectangular-like shape and it suggested 
big islands were grown on the surface of this film. The RMS value for this sample was 
9.1nm, which confirmed that the surface of this sample was very rough. These islands 
observed could be responsible for the streaky RHEED pattern with bright spots [See Fig 
5-3]. The 3-D image of AFM scanning [See Fig 5-5] further confirmed that the sample 
with Ts=200oC had the flattest surface and the sample with Ts=400oC had worst surface 
flatness among the three samples. Therefore we could conclude that Ts=200oC could be 


























































Fig 5-4. AFM (left panel) and SEM images (right panel) of Zn1-xCrxTe film with (a) 
Ts=100°C, (b) Ts=200°C, (c) Ts=400°C 
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Fig 5-6. XRD θ-2θ scans for sample grown at (a) Ts=100oC, (b) Ts=200oC and (c) 
Ts=400oC. The Y axis is plotted in log scale. The GaAs peak refers to peaks 
generated by other wavelength X-ray. 
 
The structural properties of these three samples were further analyzed by XRD. The films 
were scanned from 2θ of 20o to 65o and the strongest peak at 31.7o of the GaAs substrate 
was omitted in order to protect the detector of the XRD system.  The scan results are 
shown in Fig 5-6 (a), (b) and (c), for samples grown at Ts =100oC, Ts =200oC and Ts = 
400oC, respectively. Besides the desired 2θ peaks, some small peaks of GaAs substrate 
were always picked up due to the existence of X-ray with other wavelengths in the XRD 
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system we used. [002] and [004] peaks of ZB ZnTe could be observed clearly for samples 
with Ts =100oC and Ts =200oC. There was no other peak observed except the GaAs peaks. 
This suggested that there could be no other phase found for samples with Ts=100oC and 
Ts =200oC according to XRD measurements. The XRD scan result for Ts=400oC showed 
two peaks at 39.28o and 44.10o, which could not be identified according to ZB ZnTe and 
GaAs. Through a thoroughly literature survey, we found that these two peaks’ positions 
were very close to the XRD 2θ spectrum of monoclinic CrTe3 [1]. The RHEED pattern 
has suggested there might be other phases grown in this sample. Therefore, we could 
conclude from both the results of XRD and RHEED pattern that there possibly exists 
monoclinic CrTe3 crystal phases inside the film grown with Ts=400oC.  
 
Although we cannot totally exclude the possibility of the presence of CrTe3 precipitate 
inside the sample grown with Ts=200oC, the results of RHEED pattern, XRD scan, AFM 
and SEM measurements all showed that Ts=200oC will be able to reduce the growth of 
CrTe3 precipitate comparing with Ts=400oC. For growth at Ts=400oC, it seems that Cr1-
δTe precipitates were easily formed under such a high substrate temperature. The reason 
could be that 400oC is higher than the melting temperature of Zn (123oC at 10-8 Torr [2]), 
so that it is very difficult for the Zn molecules to stick on the surface. It is easier for Cr 
and Te to form compounds when fewer Zn molecules are introduced on the surface. It is 
possible for Ts=100oC to be used; however the MBE system takes a long time to reach 
100oC from a higher temperature.  Therefore we select Ts=200oC as the most appropriate 
substrate temperature for Cr doped ZnTe growth in this project.  
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5.1.2 Magnetic Properties 
 
The effect of substrate temperature on magnetic properties was also investigated. Room 
temperature and low temperature (100K) VSM measurements were conducted for these 
three samples, which were grown at Ts=100oC, Ts=200oC and Ts=400oC. Figure 5-7 
shows the VSM measurement results at 100K. For the sample with Ts=100oC, the 
hysteresis loop was not obvious. This sample was measured to have a Tc ~ 75k using 
SQUID. Thus it is beyond the detecting limit of VSM. Clear hysteresis loops were 
observed for both samples with Ts=200oC and Ts=400oC. In the previous discussion, 
XRD scan showed that there might be CrTe3 precipitates inside the sample with 
Ts=400oC. According to the literature, Cr1-δTe compound is ferromagnetic [3].  Therefore, 
the magnetization we observed in Fig 5-7(c) might come from the CrTe3 precipitates. 
Therefore, only the sample with Ts=200oC might exhibit ferromagnetic property from 
Zn1-xCrxTe DMS. These results suggested that less Cr might be doped inside ZnTe with 
Ts=100oC than with Ts=200oC. This also supports our decision to use Ts=200oC as the 
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The temperature dependency of magnetization (M-T) was investigated through SQUID 
measurements and the results are shown in Fig 5-8. The Tc of the three samples was 
roughly estimated as the temperature where the magnetization disappeared. The Tc found 
was 75K for Ts=100oC, 185K for Ts=200oC and 320K for Ts=400oC. The Tc for sample 
with Ts=400oC fell into the Tc range (180K ~ 340K) for chromium tellurides precipitates 
provided by the literature [3], which suggested that our analysis could be correct. The M-
T curve of this sample also shows some fluctuation at temperature lower than ~120K. 
This suggested that there could be different magnetic phases inside this sample. The Tc 
for the sample with Ts=100oC is lower than 100K. This confirms that there was no 
hysteresis loop detected at 100K by VSM for this sample. The Tc for the sample with 
Ts=200oC was higher than that for the sample with Ts=100oC. This indicates that 
Ts=200oC was more promising for achieving higher Tc. In summary, the growth at Ts = 
200oC is a more appropriate substrate temperature for Cr-doped ZnTe thin film. 
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Fig 5-8. M-T measurement for samples with (a) Ts=100oC, (b) Ts=200oC and (c) 
Ts=400oC. 100Oe magnetic field was applied for all the measurements. 
  
5.2 Dependencies of Cr/Te flux ratio 
 
It was well known that the beam equilibrium pressure (BEP) was proportional to the K-
cell temperature. The relationship between Cr BEP and Cr K-cell temperature was plotted 
in Fig 5-9. From this proportional relationship, BEP under any Cr K-cell temperature 
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could be estimated. Furthermore, the Cr/Te flux ratios could be calculated using eq. (3-2). 
Then we could obtain the nominal Cr doping concentration according to the Cr/Te and 
ZnTe flux ratio. The Zn/Te flux ratio was varied from 1.21 to 1.48. The nominal Cr 
doping concentration was calculated using eq. (5-1). The Cr/Te flux ratios and the 
nominal Cr doping concentrations with respect to seven different Cr K-cell temperatures 
were tabulated in Table 5-1.  
 





+    (5-1) 










Cr Cell Temperature (oC)
 
 




It can be seen that the nominal Cr concentration increases with the Cr K-cell temperature 
as shown in Fig 5-10. Saito et al. has reported room temperature ferromagnetism for   
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Zn1-xCrxTe with x = 0.2 [4]. We estimated that 20% Cr doping concentration could be 
realized when the Cr K-cell temperature is about 1350oC in our system. 
 





1050 1150 1175 1200 1225 1280 1300 
Cr/Te flux ratio 
 
0.00373 0.0357 0.0339 0.0797 0.0919 0.24 0.319 
Nominal Cr 
concentration 
0.25% 2.36% 2.73% 6.18% 7.06% 16.6% 17.73%
 























Cr K-cell temperature (oC)
Fig 5-10. Nominal Cr concentration as a function of Cr K-cell temperature.  
 
 
The substrate temperature used for all the growth was 200oC. The structural, magnetic 
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5.2.1 Structural Properties 
 
RHEED patterns showed that the surface of the sample with higher Cr K-cell temperature 
is rougher than that with lower Cr K-cell temperature with the same time duration of 
growth. Figure 5-11 shows the RHEED patterns of growths with Cr cell temperature of 
1050oC, 1150oC, 1200oC and 1300oC.  The streaky (2x1) RHEED patterns of the ZnTe 
buffer layers shows that all the buffer layers were grown with good crystal quality and 
could act as a virtual substrate for the growth. With the increase of growth duration, the 
RHEED pattern became spotty. It was observed that when the Cr K-cell temperature was 
set higher than 1250oC, the RHEED pattern became spotty immediately after a few 
monolayers Cr-ZnTe deposition.  
 
AFM measurement was also used to investigate the morphology of the samples. Figure 5-
12 shows the AFM images of six samples with Cr cell temperature of 1050oC, 1150oC, 
1175oC, 1200oC, 1225oC and 1300oC. Grains could be observed from all the samples. 
However the grain size did not follow any trend with the increase of the Cr K-cell 
temperature. Table 5-2 presents the RMS values of all the samples. The RMS value, 
which indicates the roughness of the film surface, did not show any obvious trend with 
the change of Cr K-cell temperature. It suggested that the quality of the surface might not 
solely depend on the Cr K-cell temperature. Thus other factors may also affect the 
morphology of surface, such as the stability of the source flux.  
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Fig 5-11. RHEED pattern with Cr K-cell temperature of 1050oC, 1150oC, 1200oC 

















ig 5-12. AFM images of samples with C






cell temperature: (a) 1050oC, (b) 1150oC, 
300oC. 
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Table 5-2. RMS values of samples with different Cr cell temperature during growth 
 
Sample 
No. S1 S2 S3 S4 S5 S6 S7 
Cr cell T 1050oC 1150oC 1175oC 1200oC 1225oC 1280oC 1300oC
RMS 
Value 
1.826nm 6.39nm 3.343nm 5.399nm 5.581nm 5.016nm 2.32nm
 
XRD θ - 2θ scan were used to investigate the structure of the films. ZnTe [002] and [004] 
peaks can be observed clearly for all the samples. No precipitate peaks are detected in the 
samples. We use Bragg’s law to calculate the lattice constant of our films. The equation 




λ     (5-2) 
where a is the lattice constant, λ is the wavelength of XRD system (λ ~ 1.54056Å for our 
system), θ is the angle where peaks are detected and h, k and l are the Miller indices. As 
we know, for Cr doped ZnTe DMS system, the lattice constant of the film will change if 
Cr substitutes Zn in the ZB crystal structure. The lattice constant change will be reflected 
by the shift of XRD peaks. Saito et al. has shown that the lattice constant would increase 
with the increase of Cr concentration [5] and this trend was only valid for Cr 
concentration less than 5% [see Fig 5-13]. However, no trend can be observed for our 
samples. This suggested that some of the Cr ions might not substitute Zn in the ZnTe 










Fig 5-13. Lattice constant vs. Cr concentration from Saito et al. [5]. 
 
5.2.2 Cr concentration 
 
The Cr concentration was determined by PIXE measurement. Three samples were 
selected and the Cr doping concentration was determined accurately. The measurement 
results are shown in Table 5-3. Comparing with the calculated nominal Cr doping 
concentration, the calculated concentrations are all higher than the measured results. 
However, the difference is about 3.5% for the three presented samples. Therefore, the 
calculated nominal concentration could still be a guide for design of the experimental 
parameters.  
 
Table 5-3. Relationship between Cr K-cell temperature and Cr concentration 
 
Sample No.  S4 S5 S7 
Cr Cell 
temperature(oC) 1200 1225 1300 
Cr concentration 
from PIXE 2.6% 3.5% 14% 
Nominal Cr 
concentration 6.18% 7.06% 17.73% 
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5.2.3 Magnetic Properties 
 
The magnetic properties of the samples were measured by both VSM and SQUID 
measurement. In this section, we concentrate on three samples, whose Cr doping 


































































































Fig 5-14. VSM measurement taken at 100K for samples with Cr doping 
concentration (a) x = 0.026, (b) x = 0.035 and (c) x = 0.14.  
 
 
VSM measurement at room temperature showed no ferromagnetic properties for these 
samples. This suggests that their Tc could be lower than room temperature.  At 100K, 
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hysteresis loops were observed clearly as shown in Fig 5-14. It was observed that the 
coercivity of the M-H loop increased with the Cr doping concentration. This suggests that 

































































Fig 5-15. M-H hysteresis loop for sample with Cr K-cell temperature at 1350oC. The 
measurement was done under 5K, 100K, 150K and 250K. The inset shows the 
magnified M-H loop at 250K. 
 
VSM provides a quick check whether a particular sample possesses magnetic properties. 
On the other hand, SQUID measurement gives us more accurate results related to the 
magnetic properties due to its high sensitivity and the ability to perform measurements at 
low temperature. Figure 5-15 shows the M-H loops measured by SQUID from 5K to 
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250K and its inset shows the magnified M-H curve measured at 250K; indicating Tc of 
this sample could be around 250K.  
 
We fitted our results to the Curie-Weiss law in order to estimate the Tc of the samples 
more accurately.  Temperature dependency of magnetization (M-T curve) was obtained 
through SQUID measurement; then the temperature dependent susceptibility curve (χ – T) 
and inverse susceptibility curve (1/χ – T) were deduced from the M-T curve according to 
the relationship χ = M/H. The Tc could be estimated by linearly fitting the high 
temperature portion of the 1/χ – T curve as shown in Fig 5-16(a) – (c). Table 5- 4 shows 
the tabulated Tc with respect to their Cr K-cell temperatures and their Cr doping 
concentration. A Tc of ~158K was estimated for the sample with Cr concentration of 
0.026 [See Fig. 5-16(a)]. The SQUID measurement showed hysteresis loop at 120K for 
this sample [see the inset of Fig 5-16(a)], which suggested the Tc of this sample could be 
higher than 120K. It shows that our estimation through fitting to the Curie-Weiss law is 
valid. Accordingly, the Tc of ~185K [see Fig 5-16(b)] and Tc of ~265K [see Fig 5-16(b)] 
were estimated for sample with Cr concentration of 0.035 and Cr concentration of 0.14, 
respectively.  
 
Table 5-4. Relationship between Cr cell temperature and Curie temperature 
 
Sample No. S4 S5 S7 
Cr 
Concentration 2.6% 3.5% 14% 
Curie 
Temperature Tc
158K 185K 265K 
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It can be observed in Fig 5-16(a)-(c) that the χ – T curve shows convex shape for both Cr 
doping concentration of 0.035 [see Fig 5-16(b)] and 0.14 [see Fig 5-16(c)], which are 
generally following the Weiss mean-field theory. However, the χ – T curve is concave for 
the sample with Cr doping concentration of 0.026. Similar concave shape of χ – T curve 
has been observed in other DMS systems [6, 7]. This concave shape has often been used 
as an indication of localization in the presence of disorder [8, 9]. It suggests the exchange 
interactions inside this sample may not be homogeneous. However, when we try to fit the 
1/ χ –T curve to the Curie-Weiss law, the fitting line intersects the temperature axis at the 
positive side, which indicates that the dominant magnetic interaction between Cr ions 
inside Cr doped ZnTe is ferromagnetic. The same conclusion has been drawn for Cr 
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Fig 5-16(a). Temperature dependent susceptibility (χ – T) and inverse susceptibility 
(1/χ – T) curves for sample with x = 0.026. The inset shows the M-H curve at 120K. 
 






























































































































Fig 5-16(b). Temperature dependent susceptibility (χ – T) and inverse susceptibility 
(1/χ – T) curves for sample with x = 0.035. The inset shows the M-H curve at 140K. 
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Fig 5-16(c). Temperature dependent susceptibility (χ – T) and inverse susceptibility 
(1/χ – T) curves for sample with x = 0.14. 
 
 
Figure 5-17 presents the relationship between Tc and Cr-doping concentration. All the 
known data from literature [4-5, 13-16] as well as our own results are plotted. We can 
observe a linear relationship between Tc and Cr concentration. The Tc = 300K with x of 
0.2 has been reported by Saito et al. [16] and Tc = 275K with x of 0.17 has been reported 
by Ozaki et al. [14, 15]. We see that the two data points are almost on the extension of 
our linear fitted line. This suggests that our results are consistent with their results.  
However, Saito et al. has also reported Tc ~ 15K for x = 0.035, but we estimated Tc ~ 
185K for our sample with x of 0.035 by fitting the results to the Curie-Weiss law. Further 
M-H measurement with SQUID at 140K shows clear hysteresis loop [see the inset of Fig 
5-17] indicating that the ferromagnetism of our sample persists at least up to 140K. 
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Fig 5-17. Curie temperature as a function of Cr concentration in Zn1-xCrxTe sample. 
A comparison of results with other groups also given [4-5, 13-16]. 
 
5.3 Cr1-δTe Precipitate Analysis 
 
The existence of Cr1-δTe inside the grown samples is a hurdle for Zn1-xCrxTe DMS 
growth. Cr1-δTe is a very complex system, in which various phases have been discovered 
[3, 17-22]. According to the literature [3], CrTe is ferromagnetic, with Curie temperature 
between 180K and 340K, and has metallic conductivity. The Curie temperature for 
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different Cr1-δTe phases has been measured. With δ>0.1, Cr1-δTe has hexagonal structure 
and its Tc is about 354K; with δ=0.25, Cr3Te4 is in the structure of monoclinic and its Tc 
is from 315K to 340K; with δ=0.33, Cr2Te3 has structure of trigonal and the Curie 
temperature is around 170K to 180K. Trigonal Cr5Te8 is reported to have Curie 
temperature of 220K [19] or 265K [20] and monoclinic Cr5Te8 has Tc of 220K [19] or 
190K [20]. The literature survey shows that we had to pay attention to the existence of 
Cr1-δTe precipitates since it can exist with so many different phases.  
 
As predicted in the beginning of section 5.2, 20% of Cr doping concentration might be 
realized when the Cr K-cell temperature was 1350oC. A growth was done according to 
this prediction with substrate temperature of 250oC and Cr K-cell temperature of 1350oC.  
The Tc = 365K was estimated for this sample according to M-T measurements. The group 
by Pekarek et al. has also reported Tc = 365K for their bulk Zn1-xCrxTe sample grown by 
vertical Bridgman method [13]. It was possible that we have obtained the same material 
as them. The results for this particular sample were presented in the following sections.  
 
5.3.1 Structural Properties 
 
Figure 5-18 shows the RHEED patterns for this particular sample. The RHEED pattern 
showed that the surface of the sample were quite flat since the RHEED patterns were 
very streaky at the end of the growth. However, comparing with the ZnTe’s RHEED 
pattern, the spacing between the streaky lines had changed. This indicated that the Zn1-
xCrxTe layers might grow in a different kind of crystal structure.  
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Fig 5-18. RHEED pattern for high Cr K-cell temperature growth.  
 
The AFM measurement confirmed that the film has quite smooth surface. The RMS 
roughness value was 1.713nm, which was quite small comparing with other samples. The 
3-D AFM scan [see Fig 5-19(b]] shows a lot of longitudinal grains forming on the surface 
of the sample. All the grains were almost orientated in one direction. Strong anisotropy 
magnetic property was predicted for this sample. In addition, SEM measurement showed 
that the there were a lot of clusters on the surface of the film, which was shown in Fig 5-
20. The clusters were shown as bright spots in the image magnified by 5000 times. This 
suggests that those clusters might be very conductive. It was suspected that those clusters 
were Cr1-δTe since Cr1-δTe was metallic. From the image magnified by 15000 times [see 
Fig 5-20 (b)], we could observe that those clusters might not be clusters on the surface. 
They could root inside the film.   
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(b)(a) 
Fig 5-19. AFM measurement results. (a) AFM image of 1µm×1µm area and (b) 3D 




          
ba
Point 1
Point 3 Point 2
Fig 5-20. (a) SEM image, magnified by 5000 times and (b) AES image, magnified by 
15000 times. 
 
Furthermore, XRD 2-θ scan was carried out and three different peaks were found besides 
the ZnTe and GaAs peaks [See Fig 5-21]. 2θ = 38.63, 39.21 and 44.30 which could not 
be identified. We suspected that those unknown peaks might correspond to Cr1-δTe 
precipitates.  
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Fig 5-21. XRD θ-2θ scan for the high Cr doped sample. The GaAs peak refers to 
peaks generated by other wavelength X-ray. 
 
 
5.3.2 Cr concentration 
 
EDX and AES measurements were carried out to check the composition of the film. 
Figure 5-22 shows the SEM picture taken during EDX measurement and Table 5-5 shows 
the concentrations of elements in this sample. It was found that the Cr concentration of 
the cluster (Spectrum 2) was higher than that of the normal film (Spectrum 1). This result 
confirmed our previous suspicion that the clusters observed on the surface of the film 
could be Cr1-δTe precipitates. 
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Fig 5-22. SEM measurement. Two points were measured. Spectrum 2 was measured 
on the cluster and spectrum 1 was measured on the normal film. 
 
 





element in this sample.
Therefore we can confirm
only Cr1-δTe was grown 
 
 
 Element Spectrum 1 Spectrum 2 
C K 48.68% 43.98% 
O K 33.97% 29.00% 
Cr K 6.76% 17.59% 
Te L 10.58% 9.43% scopy (AES) mea
 Only Cr, Te and
 that Zn was unab
in this particular grSpectrum 2 
surements also proved that there was no Zn 
 O were observed during the measurement. 
le to incorporate into the sample and probably 
owth.  
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5.3.3 Magnetic Properties 
 
From the VSM and SQUID measurements, a very strong magnetic signal is detected for 
this particular sample. Figure 5-23 shows the VSM results measured from room 
temperature to 370K. The coercivity (Hc) and saturated magnetization (Ms) decrease with 
increasing temperature. However, a weak hysteresis loop could still be observed at 370K. 
The inset of Fig 5-23 shows the magnified results. This suggests that the Tc of this sample 


































































Fig 5-23. VSM measurements for the highly Cr-doped sample at 300K, 320K, 340K 
and 370K. The inset shows the magnified M-H curve at 370K.  
 
  
Figure 5-24 shows the temperature dependence of magnetization (M-T) investigated 
through SQUID measurement with magnetic field of 100Oe and 10kOe applied parallel 
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to the sample surface. The inset of Fig 5-24 shows the temperature dependent inverse-
susceptibility (1/χ - T) curve. The Tc for this highly doped sample was estimated to be 
365K through the fitting of the inverse-susceptibility versus temperature (1/χ - T) curve 
to the Curie-Weis law [See the inset of Fig 5-24].  
 
The cusp-like M-T curves were observed for both high field (H = 10kOe) and low field 
(H = 100Oe) measurements. A transition temperature of about 100K could be identified 
for the 100Oe measurement. Through a thorough literature survey, it is found this 
transition temperature corresponds to the transition temperature of monoclinic Cr3Te4 [3], 
at which a change from a canted ferromagnetic state to a collinear ferromagnetic state 
happened for monoclinic Cr3Te4. The literature also shows the Tc for this Cr3Te4 
precipitate is ~ 361K [24], which is quite close to the 365K that we have obtained. It is 
possible that the ferromagnetism observed in this high Cr doped sample could be due to 
monoclinic Cr3Te4 precipitates inside the film. We also observe that the transition 
temperature shifts from 100K to 75 K when the applied field changes from 100Oe to 
10kOe. The shift of this transition temperature is due to the fact that with higher magnetic 
field applied, most of the magnetic moments in this sample are orientated in the same 
direction of the field. Therefore the transition from canted ferromagnetic state to a 
collinear ferromagnetic state would happen at a lower temperature. 
 
Furthermore, the saturated magnetization is about 340emu/cc at 5K from the M-T curve, 
which is quite large comparing to 44 emu/cc of InMnAs [25] and ~ 10 emu/cc of 
Zn0.965Cr0.035Te [5]. This supports our suspicion that the strong magnetism may not come 
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from Zn1-xCrxTe DMS. Pekarek et al., has reported bulk Zn1-xCrxTe samples with Tc of 
365K, which were prepared using vertical Bridgman method [13]. It is possible that we 
have obtained the same material as Pekarek et al.. Pekarek et al. has suggested the 
possibility of ZnxCryTez or Cr1-δTe precipitates, which is responsible for the high Tc 
obtained. As mentioned in the previous section, no trace of Zn particles was detected in 
the EDX and AES measurements for this highly Cr-doped sample. Therefore, we could 
conclude that the strong ferromagnetism observed in highly Cr-doped samples could be 
due to Cr3Te4 precipitate, which has a transition temperature at around 100K and Tc ~ 
365K.  





























































Fig 5-24. The M-T measurement for the highly Cr-doped sample measured by 
SQUID from 5K to 395K with applied magnetic field of 100 Oe and 10 KOe. The 
inset shows the 1/χ-T curve. 
80 
Chapter 5  Results and Discussion 
 
 
Field cooling (FC) and zero field cooling (ZFC) M-T measurements were also performed 
for the same sample under both low and high magnetic field. During the measurement, 
the sample was put inside the SQUID system at room temperature. A positive magnetic 
field was applied in order to center the sample. The magnetic field was brought to zero 
followed by the cooling down of the SQUID system. When the temperature reached 5K, 
magnetic field was applied to the sample in order to do the measurement. The 
temperature then swept from 5K to 400K. The magnetization of the sample was measured 
at different temperature. At 400K, the magnetization of the sample disappeared. After 
this, the sample was cooled down again from 400K to 5K with the magnetic field applied 
continuously for the FC measurement. After the sample was cooled down to 5K, 
measurement was done again at different temperature. A re-measurement for the same 
sample has been done and similar M-T curve was observed.  
The FC-ZFC M-T curves were shown in Fig 5-25. 
 
From Fig 5-25, it could be observed the ZFC M-T curve was almost the reciprocal of FC 
M-T curve at temperature below ~260K with 100Oe magnetic field applied for 
measurement. The ZFC measurement showed negative magnetization from 5K till ~ 
260K. At 270K the magnetization suddenly became positive. From 280K onwards, the 
FC and ZFC curves were overlapped till 400K. However, the FC-ZFC M-T measurement 
shows that the positive magnetization and the FC and ZFC curves were almost the same 
for the measurement with 10kOe magnetic field applied. The magnetization disappeared 
at about 360K for 100Oe magnetic field and the magnetization only disappeared at about 
380K for measurement with 10kOe magnetic field applied.  
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Fig 5-25. FC & ZFC M-T measurement by SQUID from 5K to 400K. 100Oe 
magnetic field was used. The inset is the hysteresis loop measured by VSM at room 
temperature. The magnetic field was applied in plane and perpendicular to each 
other for the two hysteresis loops measured. 
 
When we correlate this observation with the AFM images obtained in the previous 
section, one of the possible reasons for the negative valued ZFC M-T curve from 100Oe 
field measurement could be due to the anisotropic effect. Since the grains of this film 
were all orientated in one direction, the magnetization of the film might be oriented easily 
in one direction. After centering of the sample before the SQUID measurement started, 
the magnetic field was brought to zero. However, there could be a negative magnetic 
field still present when we brought the magnetic field to zero. During ZFC cooling 
process, the negative magnetic field could magnetize the sample into its direction. 
Therefore, negative magnetization was detected when the temperature was very low. At 
low temperature, the coercivity of the sample was high. With the increase of the 
temperature, the coercivity of the sample decreased till smaller than 100Oe at the 
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temperature range of 260K to 270K. Then the applied 100Oe magnetic field is able to 
switch the magnetization of the sample into the positive direction. Therefore, positive 
magnetization was observed from ~270K. When the temperature was raised to 400K, the 
magnetic momentum of the sample is randomly distributed since there is no magnetic 
property observed. In the FC measurement, the magnetization of the film was slowly 
orientated to the direction of the applied 100Oe magnetic field during the cooling process. 
Therefore, positive magnetization was observed for the FC measurement for all the time. 
For high field FC-ZFC measurement, the field was strong enough to overcome the 
coercivity of the sample and orientate the magnetization of the film along the direction of 
the applied field.  Recently, more experiment have been conducted to check that indeed 
there is no difference in the FC and ZFC curves (all positive values) for high field ZFC-
FC measurement.  We further conducted another experiment. Two M-H measurements 
were performed by VSM with magnetic field applied in plane but perpendicular to each 
other. The M-H curves showed anisotropy property [see the inset of Fig 5-25]. This 
supports our explanation that the sample has high anisotropy. Similar negative ZFC-FC 
curve has also been observed in CrTe/ZnTe/GaAs sample. [26] However, when magnetic 
field was applied perpendicular to the previous magnetic field direction (still in plane 
with the sample surface), no negative ZFC curve was observed with 100Oe magnetic 
field. This suggest when the magnetic field was applied not in the easy axis of the sample, 
the 100Oe was able to magnetize the sample in the field’s direction. This further 
supported our explanation that the negative ZFC M-T curve was due to the anisotropy 
property of the sample.  
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In summary, we would like to attribute the observed strong ferromagnetism of this highly 
Cr doped ZnTe sample to be due to monoclinic Cr3Te4. This also suggests that other 
phase of Cr1-δTe precipitates besides NiAs Cr1-δTe should be considered in the study of 
the Cr doped ZnTe system. 
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Chapter 6: Conclusion and Recommendation  
This thesis consists of two main parts. The first part is MBE growth of Cr doped ZnTe 
thin films. The second part is to characterize the grown samples in order to investigate the 
structural and magnetic properties.  
 
In this project, the growth condition for epitaxial film growth was optimized through 
varying the substrate temperature, Zn/Te and Cr/Te flux ratio. Proper growth conditions 
were established such as the Zn/Te flux ratio has to be in the range of 1.2 to 2.7 and the 
substrate temperature has to be 200oC to 250oC for high quality growth of thin films.  
Different Curie temperatures were achieved by varying the concentration of Cr. The 
structural properties of the samples were studied through observation of in-situ RHEED 
pattern and the measurements of XRD, AFM and SEM. The VSM and SQUID were used 
to assess the magnetic properties of the samples. The composition of the samples was 
measured by EDX and PIXE.  
 
 Three substrate temperatures were used for growth, namely Ts = 100oC, 200oC and 
400oC. It was found that the sample grown under Ts = 200oC showed clear and spotty 
RHEED pattern. For the sample grown under Ts = 100oC, the RHEED pattern is diffuse 
and the sample grown under Ts = 400oC shows streaky plus spotty RHEED pattern, 
which was different from the ZB-structured RHEED pattern. AFM and SEM 
measurements also proved that sample with Ts = 200oC has smaller rms roughness value 
than the other two samples that were grown at Ts = 100oC and 400oC. The XRD 2θ scan 
shows that the sample for Ts = 400oC contains precipitate peaks indicating the possible 
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existence of CrTe3 precipitates inside the film. The VSM measurement shows that the 
sample grown at Ts = 400oC has very strong magnetic momentum, but it could come 
from the CrTe precipitate. The other two samples did not show strong signal from the 
VSM measurement. The SQUID measurement shows that the sample grown at Ts = 
200oC has Tc of 185K and the sample grown at Ts = 100oC has Tc = 75K. Therefore, we 
conclude that Ts = 200oC is the most appropriate growth temperature for Cr doped ZnTe 
growth.  
 
The Cr/Te flux ratio was varied from 0.0357 to 0.89 in order to change the Cr doping 
concentration and hence this will affect the Curie temperature of the thin film grown. The 
Cr/Te flux ratio is directly related to the Cr K-cell temperature. A range of Cr K-cell 
temperatures from 1050oC to 1300oC were used for doping. It was found that the higher 
the Cr K-cell temperature, the RHEED pattern becomes more spotty easily; when the Cr 
K-cell temperature is higher than 1250oC the RHEED shows spotty plus ring-like pattern, 
which indicated that the surface becomes rougher. The VSM measurements show that 
some of the sample had clear hysteresis loops at 100K. The SQUID measurements show 
that with the increase of the Cr K-cell temperature, the Curie temperature observed from 
the M-T measurement also increases. This is consistent with the theoretical prediction 
and also confirms our assumption that higher Cr cell temperature would cause higher Cr 
doping concentration. The Cr concentration inside the samples was determined through 
PIXE measurements. From the plot of Curie temperature versus Cr concentration, a linear 
relationship was established. Through the extrapolation of that linear relationship, the 
room temperature Curie temperature could be achieved with Cr concentration of 20%.  
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Cr1-δTe precipitate was formed when Cr K-cell temperature was raised to 1350oC. High 
magnetization of 340emu/cc at about 100K was found in this sample. The Curie 
temperature of 365K was obtained, which was higher than the reported Curie temperature 
of all Cr1-δTe phases. XRD shows this precipitate possibly has 2θ peaks at 38.63o, 39.21o 
and 44.30o.  
 
Several suggestions for the future work:  
Hall Effect measurement shall be carried out in order to find out the electrical properties 
of the film. By comparing the resistivity of different samples, the shape of the curvature 
of M-T curves from SQUID measurement shall be studied. The purpose is to check 
whether convex curve corresponds to lower resistivity films and concave curve is 
corresponds to higher resistivity. Doping with higher Cr K-cell temperature shall be tried 
out with same Zn/Te flux ratio of 1.2 and 200oC growth temperature. The purpose of this 
growth is to try whether we could realize room temperature Tc without CrTe precipitates. 
The growth rate shall be lowered through decreasing the Zn and Te flux. With slower 
growth, better structured film can be obtained since the molecules have more time to 
move around. Annealing could also be performed in order to improve the crystal quality 
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